ABSTRACT. The syntheses and characterization of complexes of manganese(II) and cobalt(III) with the potentially hexadentate ligand N,N,N',N'-tetrakis(2-pyridylmethyl)ethane-1,2-diamine, C 26 H 28 N 6 (tpen), are described. The monomeric manganese(II) complex [Mn(C 26 . The small value of E/D is consistent with the observed symmetry of the complex.
INTRODUCTION
There remains considerable interest in the establishment of quantitative and/or qualitative relationships between molecular structure, on the one hand, and magnetic susceptibility and EPR spectroscopy on the other. In order to analyze the EPR spectra of crystalline complexes, it is generally true that the measurement requires the availability of a diamagnetic host with similar structure, size, and metallic sites as found in the paramagnetic complex. In the case of manganese(II) complexes, we have had some success in preparing and characterizing zinc(II) or cadmium(II) analogues for this purpose. We have, however, found that interpretation of the spectra requires the complete structural characterization of both the paramagnetic and diamagnetic species because of the existence of several possible geometric isomers [1] . We have earlier synthesized and structurally characterized six-coordinate complexes of manganese(II) with the ligands 2-pyridylmethylamine [2] and bis(2-pyridylmethylamine) [1] . The compounds and their zinc and cadmium analogous were synthesized with the purpose of measuring and trying to interpret the EPR spectra of the manganese compounds dissolved in solid diamagnetic hosts. While our previous work was confined to complexes with tridentate or tetradentate ligands, recently we extended these concepts to complexes with asymmetric bidentate ligands [3] . We have now further extended the series of ligands to include the hexadentate amine ligand N,N,N',N'-tetrakis(2-pyridylmethyl)ethane-1,2-diamine, C 26 H 28 N 6 (tpen). We have previously shown [4] that tpen is capable of binding to all six sites of a normal pseudo-octadehral complex, as in [Cr(tpen)] 3+ . In the same series, however, we also demonstrated that in the presence of other ligands, stable six-coordinate complexes are formed in which tpen coordinates to the metal through only five nitrogen donors [4] .
We here report the syntheses and characterization of manganese(II) and cobalt(III) complexes of tpen, along with the analogous zinc(II) and cadmium(II) complexes for use as potential diamagnetic hosts.
EXPERIMENTAL
Syntheses. N,N,N',N'-tetrakis(2-pyridylmethyl)ethane-1,2-diamine (tpen) was synthesized by a method found in the literature [5] . (2-pyridylmethyl) (1). The ligand tpen (0.235 g, 0.553 mmol) was dissolved in a mixture of water (8 mL) and a small amount of acetic acid (5 drops, 4 M). When nitrogen had been bubbled through the solution for 10 min, manganese(II) chloride tetrahydrate (0.109 g, 0.551 mmol) was added. This caused a change in pH from 7 to 3-4. Therefore, the pH was adjusted to 6.5-7 with a few drops of a solution of sodium hydroxide (2 M). During this process the nitrogen flow was continued. The solution was then left in a stoppered flask. After a few days solid sodium perchlorate was added. A whitish powder was precipitated. The compound was filtered and washed with a solution of sodium perchlorate (1 M) (4) . This complex was synthesized in a manner entirely analogous to that used for the corresponding chromium(III) complex [4] .
Aqua [N,N,N',N -tetrakis
Analyses. Carbon, nitrogen, hydrogen and chlorine analyses were performed at the microanalytical laboratory using standard methods.
Physical measurements. EPR spectra were recorded at several temperatures down to liquid helium temperature on a Bruker ESP 300 spectrometer operating at a frequency of 9.38 GHz (X-band) with magnetic field modulation of 100 kHz, modulation amplitude of 5 G and microwave power of 10 mW. Samples were examined as solids.
X-Ray structure determinations. The structures of the complexes 1 and 4 were determined at room temperature on a Siemens P3 diffractometer equipped with a molybdenum tube (K 1 = 0.70926 Å; K 2 = 0.71354 Å) and a graphite monochromator. The data were corrected for absorption using semi-empirical techniques via psi scans. The structures were solved by direct methods and refined by full-matrix least-squares techniques using structure solution programs from the SHELXTL system [6] . Crystal data and experimental parameters are listed in Table 1 . (1) . The complex crystallizes in the centrosymmetric monoclinic space group C2/c with four molecules in the cell. A total of 3265 independent reflections was measured in the range 4.2° 2 50°, with the data gathered having -17 h 0, -12 k 0, -23 23. The non-hydrogen atoms were refined anisotropically. Hydrogen atoms attached to carbon atoms were included in calculated positions using a riding model and refined with isotropic displacement coefficients set to 1.2 times that of the atom to which they were attached.
The final values of the conventional and weighted R factors were R1 = 0.0401 (on F), and wR2 = 0.1043 (on F 2 ) based on 2318 observed independent intensities with F 4.0 (F). The positional parameters are listed in Table 2 . 
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RESULTS AND DISCUSSIONS

Description of the structures Aqua [N,N,N ,N -tetrakis(2-pyridylmethyl)ethane-1,2-diamine] manganese(II
Seven-coordinate species are more commonly associated with second-and third-row transition metal complexes than with first-row metals [7] . However, while certainly relatively uncommon, seven-coordination in manganese(II) chemistry is not unknown. The classic example, in some ways parallel to our present case, is that of the ethylenediaminetetraacetate (edta) complex, in which the hexacoordinate edta ligand occupies six sites and a water molecule occupies the seventh [8] . In the more recent example of Mn(pyo 3 tren), [Mn(C 24 , manganese(II) is coordinated to a heptadentate ligand via three oxygen and four nitrogen atoms [9] . The "parent" six-coordinate trigonal prismatic structure is also more readily accommodated by the d 5 Mn(II) ion than by other first row transition metal ions [10] . The bond lengths and bond angles at the manganese center are worthy of some discussion in this relatively unusual coordination geometry. The three independent Mn-N distances fall in the range 2.292 (2) Å to 2.470 (2) Å; perhaps surprisingly, the Mn-N(1) distance of 2.393 (2) Å involving the amine nitrogen atom lies in between the values for the pyridine nitrogen atoms. Since the amine nitrogen atoms are apical while the pyridine nitrogen atoms occupy the tetragonal face, there is clearly no reasonable distinction that can be drawn concerning these bond lengths on the basis of their coordination mode or position. These lengths may be compared with Mn(II)-N(amine) distances of 2.286 (3) -2.293 (3) Å and Mn(II)-N(pyridine) distances of 2.252 (4) -2.256 (4) Å found in recently reported six-coordinate complexes with multidentate ligands [11] . The Mn-O distance of 2.258 (3) Å is comparable to other values reported for Mn(II)-OH 2 and Mn(II)-OR complexes [12, 13] . Distances similar to these have been observed in axially-elongated Mn(III)-OH 2 and Mn(III)-OR complexes [14] , but as anticipated, these distances are all larger than those of approximately 2.0 Å reported for analogous Mn(IV) systems [15, 16] .
The bond angles at manganese can be compared with those found in the classic example of the capped trigonal prism, [Mo(CNR) 7 ] 2+ [17] . The idealized structure has C 2v symmetry, and while the crystallographic symmetry here is only C 2 , examination of Figure 2 2+ where these angles have an average value of 164.0° [17] . [N,N,N ,N -tetrakis (2-pyridylmethyl) (4) . The structure consists of monomeric [Co(tpen)] 3+ cations and perchlorate anions. A view of the cation is given in Figure 3 , and the principal bond lengths and angles are listed in Table 5 . The structure of the cation here is substantially similar to that of the chromium(III) analogue, [Cr(tpen)] 3+ reported earlier [4] . The complex is pseudo-octahedral, the coordination being provided by the six nitrogen atoms of the tpen ligand. The isomer isolated here is again the one with the amine nitrogen atoms N( [18] , we can see that there is space enough for doping manganese in cadmium complexes but not in zinc complexes. The spectrum from the doping in zinc could be interpreted by assuming that the manganese complex was placed in several slightly different sites, because of the limited space. The EPR-spectra were simulated in order to understand the Mn II spectra [1] . The energy matrix was generated for each orientation of the magnetic field relative to the molecular z axis. The energy matrix was calculated by means of the following Hamiltonian
= gµ B · + A ·Î + D[ z 2 -1/3S(S + 1)] + E( x 2 -S y 2 )
with S = 5/2 and I = 5/2. The resonance conditions for each transition were found by successive diagonalizations and iterations of the full energy matrix and the intensities were calculated from the eigenvectors. No selection rules were used so in all there was a search for 540 transitions for each orientation. The final spectrum was then a summation of all the calculated transitions where each transition was represented by a Lorentzian band shape. The EPR parameters were all extracted from the powder spectra. In Figure 4 is shown the experimental and simulated spectra of the Mn II complex. The spectrum was simulated with the parameters g = 2.00, D = 0.116 cm -1 E = 0.0013 cm -1 and A = 0.0080 cm -1 . During the simulation process it was realized that some lines around 0.8 T which had not been found should also be observable. These lines were then sought and found in the experimental spectrum. Above the spectra is given the resonance condition as function of the angle between the magnetic field and the molecular z axis. For simplicity this drawing has been simplified by setting the nuclear spin to zero. As can be seen the agreement between the simulated and the experimental spectrum is very convincing. 
